D
epression will soon become the second leading cause of disability worldwide. 1 It affects between 5% and 10% of individuals, and is the third most common reason for consultation in primary care. 2 Since the advent of accurate assay techniques in the 1960s, a link between folate deficiency and depression has been postulated. The evidence linking low folate status and depression seems to come from two complementary sources of evidence. First, a significant percentage of patients with depression are reported to have low folate levels. 3 4 Second, some studies have shown that folate can be used to augment conventional treatments for depression and to improve the outcome. 5 Folate is intimately linked to methylation processes and the synthesis of neurotransmitters in the central nervous system, such as serotonin (5-hydroxytryptamine; 5-HT). The 1-carbon cycle/ folate metabolic pathway is complex; and it regulates nucleotide synthesis and also DNA methylation. 5-Methyltetrahydrofolate is the predominant circulating form of folate, which donates a methyl group to homocysteine during the generation of S-adenosylmethionine, a major source of methyl groups in the brain. 6 Several of the key enzymes in the 1-carbon cycle are folatedependant in their activity, and this forms a biologically plausible link between folate and mood. 7 Folate (in the form of folic acid) is a cheap and relatively safe food supplement with a number of proven health benefits. 8 Food fortification is used in several countries (including the United States, Canada and Australia), 9 10 and is being considered in others (including the UK). 11 The demonstration of a population-level benefit of folate in terms of mental health and well-being might be informative to these debates.
The existence of a possible relationship between low folate status and depression has been examined in more detail using observational epidemiological designs, but with conflicting results. A core feature of depression is reduced appetite, and therefore impaired nutritional status. 12 Depression is also commonly associated with alcohol excess, which is known to impair folate absorption and deplete stores of folate. 13 Both of these factors could confound any relationship between folate, folate metabolism and depression.
14 Different estimates of the relationship between folate status and depression might therefore emerge, depending on the degree to which confounding has been addressed in the design and analysis of studies.
Meta-analyses are now being increasingly used to increase the precision and strength of association from observational studies 15 and to examine sources of heterogeneity between studies, 16 including the effects of bias and confounding on observed associations. [17] [18] [19] For example, Pettiti 20 applied meta-analysis to examine the putative relationship between oestrogen replacement and coronary heart disease, and to explain why some studies showed an association whereas others did not. Similarly, Ford and colleagues 21 have examined the relationship between homocysteine and cardiovascular disease using meta-analysis.
We carried out a meta-analysis in order to examine whether there is an association between low folate status and depression, and whether this relationship persists when important sources of bias and confounding were accounted for.
METHODS
We conducted a systematic review and metaanalysis in line with best practice guidelines on the synthesis of observational epidemiological data. 19 22 Search strategy We searched a broad range of medical, psychiatric and nutritional databases with no language Abbreviation: MTHFR, methylene tetrahydrofolate reductase restrictions. The following were searched from inception to November 2005: Medline; Embase; PsycINFO, BIOSIS, CAB Abstracts (for human nutrition) and Science Direct. Search terms were used to capture relevant studies, using exploded subject headings, synonyms and free text terms for folate, and depression, with a series of terms for depression-related studies adapted from the Cochrane Depression Anxiety and Neurosis Group 23 -full search terms are available from the authors (see appendix 1 for an example). Reference lists of retrieved studies were also checked for further relevant studies. Search results were scrutinised and studies were selected independently by two reviewers.
Inclusion criteria
We sought all cross-sectional, case-control and prospective and retrospective cohort epidemiological designs which examined the relationship between folate status and depression. To be included, studies must have drawn some comparison between the presence of low folate status and depression, and must have used some comparison or control group.
Data extraction
Wherever possible, exposure to low folate and depression status were each stratified as categorical variables. Summary odds ratios (ORs) and group mean folate levels, with attendant 95% CIs, were extracted or calculated from original data. Both unadjusted and adjusted summary ORs were sought, where authors had provided these. When these data were not available from publications, first authors were contacted for either calculated or raw data. Studies were selected and data were extracted independently by two reviewers, with reference to a third reviewer for areas of disagreement.
Statistical analysis
Summary ORs of low folate status were combined using a random effects meta-analysis. 24 Differences in mean folate levels between people who and were and were not depressed were pooled using a standardised effect size. 17 We chose this method to allow both mean serum and red cell folate, measured with a variety of different assay techniques, to be combined across studies. Between-study heterogeneity was assessed using the I 2 statistic. 25 The I 2 statistic has several advantages over other measures of heterogeneity (such as x 2 ), including greater statistical power to detect clinical heterogeneity when fewer studies are available. As a guide, I
2 values of 25% may be considered low, 50% moderate and 75% high. 25 We sought to explore any potential causes of heterogeneityparticularly due to confounding, study design and method of folate assay. The relationship between low folate status and depression was explored in more detail by conducting a series of a priori sensitivity analyses to examine the degree to which any association between folate status and depression might be influenced by the design and analysis of primary studies. We hypothesised that confounding might result in an overestimation of the association between low folate and depression, and that studies which minimise or adjust for confounding using matching, restriction, adjustment, stratification or multivariate analysis might produce more conservative and realistic estimates of association. Specific evidence of adjustments for diet, nutritional status and alcohol consumption were sought. In addition, we looked for heterogeneity due to study design, where prospective cohort studies were likely to be the most reliable.
Studies were in the first instance pooled separately according to these variables, and, where possible, a statistical analysis was undertaken to test for a relationship between study level variables and ORs using logistic meta-regression. 26 p Values for meta-regression were calculated using 1000 Monte-Carlo simulations, with a permutation test to avoid potential false positives. 27 The presence of publication bias was assessed using Egger's weighted regression test. 28 All analyses were conducted using STATA V.8, using the metan, metareg and metabias series of commands.
Results
Our searches produced 2145 potentially relevant references, of which 19 met our inclusion criteria and provided usable data. Figure 1 Meta-analysis of depression and folate studies unadjusted for potential confounding, stratified by study design. Overall variation attributed to between-study heterogeneity, I 2 = 52%, with relative contributions by study design: case-control, I 2 = 84%; cross-sectional, I 2 = 0%; and cohort, I
2 not estimable.
Low folate status as a risk factor for depression
In all, 11 of the 19 studies (15 315 participants) examined the relationship between low folate status and depression as categorical variables, and provided sufficient data to calculate ORs (table 1) . Seven of these were cross-sectional studies, [29] [30] [31] [32] [33] [34] [35] whereby folate status and depression were ascertained simultaneously from population surveys and the proportion of patients with depression with low folate status was compared with that of patients without depressing with low folate status. Cross-sectional studies were often drawn from large population-based cohort studies examining the relationship between a whole series of physical and nutritional variables and health outcomes-for example, one large cross-sectional study 32 was drawn from the Women's Health and Ageing study. 36 Within these population surveys, depression status was ascertained either by standardised interview or by scores on a standardised psychometric instrument, such as the Geriatric Depression Scale, in the case of the Women's Health and Ageing study.
Three studies were hospital-based case-control studies, [37] [38] [39] where successive patients with a diagnosis of clinical depression were selected from a clinical setting and their folate status was ascertained. The proportion of patients with low folate status was then compared with that in a control population.
Only one study 40 was a prospective cohort study, which included 2313 middle-aged (42-60 years) Finnish men. People with pre-existing depression were excluded from the inception cohort and folate intake was ascertained from food diaries. Follow-up was done over 15 years and depression outcomes were ascertained from hospital inpatient episodes with an International Classification of Diseases diagnosis of major depression. 12 A variety of age ranges were included in the observational studies. Clinic-and hospital-based studies drew a range of patients with depression aged between 15 and 87 years. Population-based studies drew their samples from a range of sources, some of which were broad and representative of Figure 2 Meta-analysis of depression and folate studies adjusted for potential confounding, stratified by study design. Overall variation attributed to between-study heterogeneity, I 2 = 51%, with relative contributions by study design: crosssectional, I 2 = 49%; cohort, I 2 not estimable. Figure 3 Meta-analysis of standardised mean differences in folate levels between populations with or without depression.
Overall variation attributed to between-study heterogeneity, I 2 = 84%.
working-age adults, 34 and some of which were restricted to older adults 31 35 or females. 32 Depression status was ascertained either by diagnostic interview, according to standardised diagnostic criteria such as the Diagnostic and Statistical Manual for mental disorders-III, 40a from clinician-allocated diagnoses or by standardised interview schedules.
Studies ranged in sample size from 155 subjects 39 to 5948 subjects, 33 and population-based cross-sectional studies were much larger (median size 2443) than clinic/hospital-based case-control studies (median size 155). Cross-sectional and cohort studies were generally systematic in ensuring that sample participants were representative of the population being studied, and all provided data relating to depression and folate status on over 90% of participants. Case-control studies each claimed to recruit successive subjects with depression from the setting in which they were conducted, and controls were generally drawn from either non-depressed hospital patients 41 or from hospital staff. 38 The influence of potential confounding variables was examined in all population-based cross-sectional surveys and cohort studies. For example, several studies measured nutritional status using body mass index and alcohol intake by selfreport (eg, Bjelland et al 33 and Tolmunen et al 40 ) . Multivariate analyses of potentially confounding variables were used to produce both adjusted and unadjusted estimates in seven studies. 30-35 40 Among case-control studies, no attempt was made to minimise potentially confounding factors by restriction, matching or adjustment.
Folate status and depression meta-analysis:
Sufficient data were available from all 11 studies to permit statistical pooling of the estimates of the relationship between categorical folate status and depression (fig 1) . This metaanalysis therefore included data from 15 315 participants-1769 with depression and 13 546 control subjects. Pooling of all estimates showed a significant relationship between folate status and depression (OR pooled unadjusted = 1.55; 95% CI 1.26 to 1.91), with a moderate level of between-study statistical heterogeneity (I 2 = 52%).
Sensitivity analyses

Effect of study design
Among the overall group of studies, three case-control studies contributed a disproportionate degree of between-study heterogeneity (I 2 contribution = 83%). To examine the robustness of our overall result to the study design, we removed case-control studies and found that the magnitude of association was still significant, and that between-study heterogeneity was considerably reduced to a low level (OR unadjusted = 1.52; 95% CI 1.17 to 1.97, I 2 = 29%).
Adjustment for confounding
To examine the potential effect of confounding, we separately pooled only adjusted point estimates (fig 2) . The pooled estimate of association was less pronounced, but remained significant (OR pooled adjusted = 1.42; 95% CI 1.10 to 1.83).
Method of folate assay
To examine the effect of folate ascertainment on the overall result, we first removed one study 40 which established folate status using prospective dietary records rather than direct blood assay. This sensitivity analysis reduced the overall magnitude of association between low folate status and depression, but it remained statistically significant (OR pooled adjusted = 1.32; 95% CI 1.01 to 1.73; figure not shown). Among the remaining studies, two methods of biological folate ascertainment were used-serum and red cell folate. When we conducted a metaregression, with method of ascertainment as a predictive covariate, we found that the association between low folate status and depression was present irrespective of the method of assay used (logistic meta-regression: association in studies using serum folate as assay method vs studies using plasma folate as assay method; b coefficient = 0.17, 95% CI -0.55 to 0.88, p = 0.60, I 2 = 37%).
Folate fortification
On conducting a meta-regression, with folate fortification as a predictive covariate, we found that the association between low folate status and depression was present irrespective of whether the population was subject to mandatory food fortification (logistic meta-regression: association in studies where there was mandatory food fortification vs studies with no food statutory fortification (adjusted estimates only); b coefficient = 0.03, 95% CI -1.55 to 1.60, p = 0.96, I 2 = 62%).
Publication bias
We also tested for the presence of publication bias using funnel plots and Egger's regression test 28 and none was evident (zero intercept = unbiased; intercept = 0.05, 95% CI -2.60 to 2.71, p = 0.96; figure not shown).
Between-group differences in mean folate level In all, 10 of the 19 studies (4600 subjects) provided sufficient data to allow between-group comparisons of mean folate levels in populations with and without depression.
14 32 34 37 41-46 Eight studies measured serum folate, 32 34 41-46 and two estimated red cell folate. 14 37 There was substantial statistical heterogeneity between studies (I 2 = 84%; fig 3) . Statistical pooling of these heterogeneous studies was not felt justified.
Exploration of heterogeneity
Visual inspection of the Forrest plot (fig 3) showed that the overall trend among studies was for red cell and serum folate levels (both serum and red cell) to be lower in association with depression. When we undertook meta-regression to explore the impact of our a priori sources of heterogeneity, we found no effect of study design (case-control vs cross-sectional studies: b coefficient = -0.37, p = 0.50), method of assay (serum folate vs red cell folate: b coefficient = -0.21, p = 0.75) or adjustment for potential confounding (adjusted vs unadjusted: b coefficient = -0.55, p = 0.48).
Test for publication bias
Testing for publication bias showed borderline significant asymmetry, with larger studies showing a smaller degree of association than smaller studies (zero intercept = unbiased; intercept = 2.51, 95% CI 0.07 to 4.95, p = 0.05).
DISCUSSION
This study represents, to our knowledge, the first meta-analysis of nutritional studies of folate and depression. The main finding is that low folate status is associated with depression, although it is difficult to establish whether this relationship is causal. Several points are worthy of further discussion.
Limitations of the epidemiological evidence linking low folate to depression The association between low folate status and depression seems to be robust, being based on a broad range of studies involving over 15 000 participants. This result is the same in studies accounting for potentially confounding variables such as age, nutritional status and co-morbid alcohol disorders. However, the largest body of evidence for this review comes from epidemiologically weaker cross-sectional and case-control studies that demonstrate only association, which may still be due to reverse causality. Some preliminary evidence of a direction of causality comes from the single-cohort study 40 in which folate was determined prior to the onset of depression, reducing the possibility of a reverse causal relationship. 47 48 Clearly, this result needs replication in more than one study to begin to draw inference about the direction of causality between low folate and depression. Heterogeneity is commonly found when conducting metaanalysis, and the causes of heterogeneity should be examined in all cases. 49 Our review provides further insight into the variable nature of the association between low folate status and depression which has been observed to date. Case-control studies are particularly susceptible to bias and confounding, and none of the available studies had addressed this. Removal of these studies substantially reduced the level of betweenstudy heterogeneity. Future case-control studies should account for confounding, and the results of reviews which do not examine heterogeneity, bias or confounding should be treated with some suspicion. 19 Additionally, some potential sources of heterogeneity were not found to be influential. For example, an association between depression and low folate status was found in all countries, irrespective of whether there was a mandatory folate fortification programme. Similarly, an association was found irrespective of whether folate status was ascertained by dietary record, serum folate or red cell folate.
Is reduced folate causal? Complementary evidence from gene-association studies
The results of the present review should be considered alongside emerging evidence of an association between impairments in folate metabolism and depression. 50 51 The evidence of folate being a causal factor in depression is strengthened by an emerging association between the common polymorphism of a gene involved in the metabolism of folatemethylene tetrahydrofolate reductase (MTHFR), and depression. 13 The specific polymorphism MTHFR C677T has been found to be associated with depression in several studies, 33 42 52-54 and has now been confirmed using meta-analysis. 50 51 The MTHFR C677T polymorphism mimics low folate status, but is not susceptible to either confounding or reverse causality. The association between depression and being homozygous for the MTHFR C677T polymorphism in genetic studies is of a similar magnitude (OR = 1.36) to that demonstrated in our least confounded pooled estimate in the present study. This is an example of what has been termed Mendelian randomisation and provides further circumstantial and complementary evidence of a potentially causal link between low folate status and depression. 55 56 Evidence of therapeutic benefit from folic acid supplementation The results of this review should be considered alongside preliminary evidence of the effectiveness of folic acid in treating depression, or as an adjunct to antidepressant drugs. A recent Cochrane review 57 has summarised these data and found three small trials involving 247 patients, but the trials were subject to several limitations. However, these have shown some benefit in using folic acid supplements either alone or in combination with antidepressants. Non-randomised subgroup analyses have suggested that the greatest antidepressant effect is seen in those patients with the highest increase in folate levels (eg, Coppen and Bailey 58 ). Clearly, further randomised trials are required to evaluate the role of folic acid in preventing and treating depression. In the absence of definitive randomised data, our current systematic review provides a summary of the best available observational evidence in this area. Whether this association and any therapeutic potential benefit for folic acid is confirmed in definitive randomised trials will be an important test of the validity of associations drawn from observational epidemiological and genetic designs.
Folic acid is a cheap and commonly used food supplement, 8 and the identification of low folate status as a plausible specific risk factor for depression raises the possibility of using folic acid supplementation or improved diet in the prevention and treatment of depression at the population level. 13 In the interim, the present review adds to the accumulating literature on the potential population benefits of mandatory fortification and of folic acid as a food supplement.
Policy implications
N Folate is a cheap and relatively safe food additive, and recent proposals to fortify food at a population level are given additional circumstantial support.
N Further prospective research is needed to confirm or refute the causative role and therapeutic benefit of folate in preventing or treating depression.
What this paper adds
N Folate has been causatively linked to depression and a case has been made for folate in the prevention and treatment of depression at the population and individual levels.
N This paper reviews the existing observational epidemiological literature and finds an association between low folate and depression.
N This association remains the same even after adjustment for important confounding variables.
N The association is largely based on large cross-sectional studies and is confirmed in only one prospective cohort study. The possibility of reverse causality cannot be excluded.
